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We have investigated the genetics of photoreactivation in Escherichia coli K-12. We found that strains with
point mutations or deletions in the phr gene showed a significant residual level of photoreactivation after
exposure to large fluences of photoreactivating light. It had been previously proposed that a gene in the gal-attX
interval is also involved in photoreactivation and that the residual photoreactivating activity might be due to
this so-called phrA gene located at this interval. We found that deletions of the gal-attA region had no effect on
either the rate or the final extent of photoreactivation observed in phr+ cells or phr mutants; however strains
carrying the A(gal-attf) deletions displayed increased sensitivity to near-UV radiation.
Photoreactivation has been defined as the reversal of the
effects of far-UV (200- to 300-nm) radiation by subsequent
exposure of cells to longer-wavelength light (300 to 600 nm)
(7). That the major component of photoreactivation is enzy-
matic in Escherichia coli was established in 1958 (14), and
the first phr mutant was isolated in 1962 (3). This mutation
was isolated in E. coli B and subsequently mapped near gal
in an E. coli K-12-E. coli B hybrid. (28). Later, it was
reported that in E. coli K-12 cells with A(gal-attX), no
photoreactivation could be detected, and therefore it was
concluded that the gene for photoreactivation, phr, was
located in this interval. A Adgal lysogen overproduced a
40-kilodalton (kDa) glycoribonucleoprotein which had
photoreactivation activity (21, 22). However, further inves-
tigation of the A(gal-attX) mutants showed that these cells
were capable of photoreactivating UV damage to the same
extent as wild-type cells and that the phr gene was located
outside the gal-attA interval, 1 min counterclockwise to gal,
between kdp and gltA, and at 16.2 min on the recalibrated E.
coli linkage map (1, 15, 29). The protein encoded by this gene
was found to encode a 54-kDa flavoprotein which had in
vitro photoreactivation activity comparable to the in vivo
rate (17, 18). To resolve the controversy, Sutherland and
Hausrath (23) investigated the photoreactivation kinetics in
wild-type and A(gal-attX) strains and reported that whereas
the A(gal-attX) strains could indeed be photoreactivated, the
rate of photoreactivation was much slower in strains with
this deletion; they suggested that there were two genes
controlling photoreactivation in E. coli, one at the gal-attX
interval and one at the kdp-gltA interval, and proposed the
designations phrA and phrB, respectively, for these loci.
More recently it has been suggested (24) that the phrA gene
encodes a 40-kDa protein that has an RNA cofactor (21),
while the phrB gene encodes the 54-kDa photolyase that has
a flavin adenine dinucleotide cofactor (17). However, the
presence of two photoreactivating enzymes is inconsistent
with other genetic data indicating that Harm's phr (phrB)
mutant cannot be photoreactivated (2, 3), as well as with
biochemical data showing the lack of dimer splitting by cell
extracts from this strain even after extensive photoreactiva-
tion treatment (8, 13, 19). We therefore decided to investi-
gate the genetics of photoreactivation in E. coli in detail. We
found that deletion of the gal-attX region increased the
sensitivity of E. coli to near-UV radiation but had no effect
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on the rate or extent of photoreactivation. On the other
hand, point mutations in, or deletion of, the phr gene at 16.2
min drastically reduced both the rate and extent of
photoreactivation but did not totally eliminate it. Thus, it
appears that while the flavoprotein encoded by the phr gene
is the major (and perhaps the sole) enzyme responsible for
photoreactivation in E. coli, extensive illumination of cells
deleted in this gene results in an increase in cell survival,
suggesting that another mechanism(s) exists in this organism
to photoreverse (albeit inefficiently) the effect of far-UV
radiation by subsequent exposure to near-UV or visible
light.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains used in
this study are listed in Table 1. All of the strains were tested
for the relevant genotypes indicated in the table. UNC3112
was constructed by P1 transduction of a uvrA277::TnJO
mutation from N3055 (R. G. Lloyd strain via B. J.
Bachmann) into TK3D11. The plasmid used to complement
the phr mutations was pMS2 (bla phr) and has been de-
scribed in detail elsewhere (18). In Fig. 1 we present a
drawing of the E. coli genetic map spanning the region
between 16 and 18 min and indicate the locations and extents
of deletions in some of the strains used in this study.
Growth media. Cells were routinely grown in Luria broth
and plated on Luria agar. In experiments with kdp strains,
the media also contained 5g of KCl per liter.
Isolation ofphr mutants. The penicillin selection method of
Sancar and Rupert (16) was slightly modified to isolate new
phr mutants: cells were grown to a titer of 2 x 107 cells per
ml instead of 1 x 108 to 2 x 108 cells per ml before
irradiation, photoreactivation, and penicillin treatment. This
slight modification made a drastic change in the enrichment
factor in the penicillin treatment cycles. Typically, the
enrichment was about 50-fold at the first cycle, and after the
third cycle, 5 to 10% of the cells in the culture were phr
mutants. Twenty mutants were isolated from four separate
enrichment experiments, and the mutations were mapped by
transforming with pMS2.
UV irradiation and photoreactivation. Cells were grown for
18 h (A6w, 3.0 to 4.0), collected by centrifugation, washed
with phosphate-buffered saline, and diluted to a titer of 1 x
107 to 2 x 107 cells per ml in the same buffer. The cell
suspension (25 ml) was irradiated with 254-nm light from a
General Electric GT5 germicidal lamp at a fluence rate of 10
pLW/cm2. The fluence rate was measured with a UVX
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TABLE 1. Bacterial strains
Strain Genotype Sources orreferences
SM2257 uvrA6 A(kdp-gltA)214 gal' 4
UNC167 uvrA6 phr-7 This work
AB1886 uvrA6 rpsL31 5
TK3D11 A(kdp-gltA)219 A(gal-bio)76 11
UNC3112 A(kdp-gltA)219 A(gal-bio)76 uvrA277::TnJO This work
SA205 A(attX-chIA) rpsL179 22, 23
SA206 A(gal-chlA)203 rpsL179 22, 23
radiometer. For photoreactivation, two Sylvania
F15T8/BLB lamps (black light) were used as light sources.
Two 0.30-cm layers of window glass and the cover of a petri
dish were placed between the sample and the photoreactivat-
ing light, as described by Sutherland and Hausrath (23), to
cut out wavelengths below 300 nm. Samples (24 ml) of
UV-irradiated cells were incubated at 23°C for 30 min for
enzyme-substrate complex formation and then were
photoreactivated with stirring. At intervals, 1-ml samples
were taken out to measure photoreactivation at different
time points. The photoreactivation light fluence rate was 0.5
mW/cm2 as measured by a UVX digital radiometer with a
UVX-36 sensor. After irradiation and photoreactivation,
cells were plated on Luria agar and incubated at 37°C for 48
h. All experiments were repeated at least three times.
RESULTS
Photoreactivation of phr mutants isolated by nitrosoguani-
dine mutagenesis. The first E. coli K-12 phr mutant isolated
(CSR06) did not show any photoreactivation upon exposure
to white light for 50 min (15). However, flash photolysis
studies with this mutant indicated that it had residual
photoreactivation that "represents the production of a single
photoreactivating enzyme molecule by roughly 1% of the
cell population" (2). Similarly, photoreactivation of this
strain with black light showed that at survival levels below
10-3 the treatment resulted in a 10- to 30-fold increase in
colony numbers (data not shown; M. J. Peak, personal
communication). We therefore considered the possibility
that the phr-l mutation in this strain might be leaky and
decided to isolate additional mutants and test them for
photoreactivation. Using the improved penicillin selection
method for isolating DNA repair mutants, we isolated 20
mutants (at least 4 of which were of independent origin) and
tested them for photoreactivation. All of the mutants were
severly defective in photoreactivating UV killing, and all
were complemented by the phr plasmid (G. Sancar and A.












all the mutations were in the same locus. However, none of
the mutants was completely defective in photoreactivation.
In Fig. 2, we compare the survivals of AB1886 (uvrA6) and
one of these new mutants, UNC167 (uvrA6 phr-7), before
and after maximal photoreactivation. As is apparent from
the figure, even though UNC167 was much less able to be
photoreactivated, a residual photoreactivation did remain.
All other mutants isolated behaved essentially the same as
UNC167 with regard to photoreactivation. An unusual fea-
ture of the photoreactivation in these strains was the ex-
tremely slow rate (Fig. 3). Furthermore, the photoreactiva-
tion leveled off at a survival level at which approximately 50
to 70% of pyrimidine dimers remained unrepaired.
Photoreactivation in Aphr strains. Having failed to obtain a
mutant that was totally deficient in photoreactivation, we
considered the possibility that all of the mutants we have
isolated were leaky, and therefore we tested a strain that is
known to be deleted in the phr gene (29). This mutant
behaved essentially the same as the strains with the phr-J
and phr-7 mutations (see below). We therefore concluded
that the photolyase encoded by the phr gene was not the sole
source of photoreactivation in E. coli and considered the
possibility of another photoreactivating enzyme in this bac-
terium.
Photoreactivation in A(gal-attX) strains. It has been re-
ported that a gene named phrA exists at the (gal-attA)
interval and encodes a protein with an Mr of approximately
40,000. This protein reportedly has photolyase activity and is
associated with an RNA cofactor (21, 24). In support of the
biochemical evidence, a genetic study found that A(gal-attX)
strains photoreactivated UV-induced killing at 20% of the
normal rate and that the photolyase activity in these strains
was more heat labile and had "an apparent Km about
2-3-fold higher than normal enzyme" (23). Therefore, it was
reasonable that the residual photoreactivation activity in
Aphr strains was due to this second DNA photolyase. To
investigate this possibility we repeated the photoreactivation
experiments with A(gal-attA) strains. We found that, con-
trary to the report in the literature, there was no significant
difference between the A(gal-uvrB) and A(att-uvrB) strains
with regard to the rate or extent of photoreactivation (Fig.
4). We kept our experimental conditions as close as possible
to those reported in the literature, with one exception:
Sutherland and Hausrath (23) used a photoreactivation flux
of 192.5 J/m2 per s, but we found this flux to be quite lethal
over a 20-min period of photoreactivation, even under the
filter system used by these authors. We therefore used a
fluence rate of 5 J/m2 per s in our experiments. This fluence
rate still resulted in considerable cell killing, but not to an
extent that would nullify the photoreactivation effect. We do
not have a satisfactory explanation for our failure to repro-
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FIG. 1. The 16- to 18-min region of the E. coli genetic map. Only the relevant markers are indicated in this figure. The deletions in each
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FIG. 2. Maximal photoreactivation in phr mutants and phr+
cells. AB1886 (uvrA6) and UNC167 (uvrA phr-7) were irradiated
with the indicated fluences of 254-nm light and then photoreacti-
vated with black light at a rate of 5.0 J/m2 per s for 5 h. Appropriate
dilutions were plated to determine survival. (A) AB1886; (B)
UNC167. Closed symbols, dark survival; open symbols, survival
after photoreactivation.
duce the results obtained with these two strains in the
above-mentioned report. We tested the genetic markers (gal,
attX, bio, uvrB) of the two strains and found them to be in
agreement with those published before. However, we found
one significant phenotypic difference between the two
strains that has not been reported before: SA206 (Agal-uvrB)
is about twofold more sensitive to black light than SA205
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FIG. 3. Kinetics of photoreactivation in phr+ cells and phr
mutants. AB1886 and UNC167 were irradiated with 254-nm far-UV
light at 7.5 J/m2 and then photoreactivated for the indicated time
with black light at the rate of 5.0 J/m2 per s. Symbols; 0, AB1886





I * . .,
0 10 20 30
TIME OF PHOTOREACTIVATION (min)
FIG. 4. Photoreactivation kinetics in a A(gal-attX) and a A(gal-
chiA) strain. Cells were irradiated with 254-nm far-UV light at 7.5
J/m2 (approximately 1O-3 survival) and then photoreactivated for the
indicated time intervals at a rate of 5. J/m2 per s with black light.
Symbols: 0, SA205 [A&(attX-chlA)]; 0, SA206 [A(gal-chlA)]. The
differential killing of the two strains by near-UV light has been
corrected for in calculating the relative survival levels.
comnpared with wild-type cells, both strains are extremely
sensitive to near-UV radiation (compare Fig. 5 and 6). The
near-UV survival of the two strains are compared in Fig. 5.
Although this differential sensitivity may partially account
for the different results obtained in the two studies, it does
not explain the reported fivefold difference in the rate of
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FIG. 5. Near-UJV survival of strains with deletions in the gal-
chiA re-gion. Here photoreactivation indicates treatment of unirra-
diated cells With the light source used for photoreactivation' in other
experiments. The cells were illuminated with filtered black light at a
rate of 5.0 J/m2l per s for the indicated ti'mes, and appr-opriate
dilutions were plated to determine the' survivals relative to nonir-
radiated controls. Symbols: 0, SA205 [A&(attX-ch1lA)]; 0, SA206
[A(gal-chlA)].
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FIG. 6. Photoreactivation kinetics in Aphr strains. Either unirra-
diated cells or cells irradiated with 254-nm light at 7.5 J/m2 to
approximately 10-4 survival were exposed to photoreactiyating light
for the indicated time and then plated to quantitate the viable cells.
Symbols: 0, SM2257 [A(kdp-g1tA) uvrA6]; 0, UNC3112 [A(kdp-
gltA) A(gal-bio) uvrA277::TnlO]. (A) Unirradiated cells exposed to
photoreactivating light; (B) irradiated cells exposed to photoreacti-
vating light (absolute number of viable cells after the two irradiation
treatments); (C) relative survival of UV-irradiated cells after
photoreactivation treatment after correction for the killing by the
near-UV light.
claiming that "cells with deletions of the region gal-antt
have a severe deficiency in their rate of biological
photoreactivation" (19) is in general not true as stated.
Photoreactivation in Aphr A(gal-attu) strains. The results
presented above show that phr mutations drastically de-
crease the externt to which E. coli cells can be photoreacti-
vated but do not eliminate photoreactivation completely,
while A(gal-attX) mutations do not seem to affect
photoreactivation in E. coli. However, because of the pre-
vious report with a claim to the contrary regarding the
phenotype of A(gal-attX) strains we reasoned that the com-
bination of the two mutations by eliminating both the 54-kDa
photolyase and the 40-kDa protein encoded by the so-called
phrA gene would result in a total lack of photoreactivation.
In Fig. 6, we compare the photoreactivation kinetics of
SM2257 (uvrA Aphr) and UNC3112 [uvrA Aphr A(gal-attX)].
It is eVident from this figure that (i) both strains were
severely deficient in photoreactivation; (ii) the A(gal-attX)
strain was more sensitive to near-UV killing than was the
wild-type strain; (iii) after correction for the differential
killing of the two strains by near-UV radiation, there was no
difference in either the rate or the extent of photoreactiva-
tion in the two strains; (iv) the photoreactivation of killing in
both strains leveled off at a survival level lower than that
obtained in phr+ strains; and finally, (v) both strains exhib-
ited significant residual photoreactivation.
DISCUSSION
Both the genetics and biochemistry of photoreactivation in
E. coli have been a subject of controversy. The main
question seems to be whether the so-called phrA gene
encodes a glycoribonucleoprotein that has photolyase activ-
ity (21-24). In addition to the generally accepted fact that E.
coli does not have glycoproteins (20), the studies reported
here indicate that the deletion of this gene has no effect on
the rate or the extent of photoreactivation in either a phr+ or
phr mutant background. We therefore propose that the gene
for the 40-kDa protein should not be called phrA and that the
protein itself should not be called a photolyase because this
protein does not play any physiologically significant role in
photoreactivation in vivo.
An unexpected observation during our investigation of
photoreactivation in A(gal-uvrB) strains was the extreme
sensitivity of the strains with A(gal-uvrB) deletions to near-
UV killing. The major photosensitizers to near-UV killing in
E. coli seem to be porphyrins, and mutations that cause
porphyrin accumulation lead to near-UV sensitivity (25). We
have no explanation for the increased sensitivity of A(attX-
uvrB) mutants to near-UV radiation except to note that these
deletions eliminate the pterin-molybdenum cofactor (chiA)
of nitrate reductase. However, the twofold increase in
sensitivity of A(gal-uvrB) strains compated with A(attX-
uvrB) strains may be explained as follows: the deletion of the
hemF gene which is located in the gal-attX interval (1)
eliminates the hemF gene product coproporphyrinogen III
oxidase and thus leads to accumulation of coproporphyrin in
the cell, which in turn photosensitizes to near-UV killing.
This hypothesis can be tested by combining this mutation
with other mutations in genes controlling the earlier steps of
porphyrin biosynthesis (25).
Finally, we have shown in this paper that there is no
known E. coli strain that is totally deficient in photoreactiva-
tion. Jagger and his colleagues (9) defined three distinct
molecular phenomena that result in photoreactivation (the
reversal of the biological effects of far-UV radiation by
subsequent exposure to near-UV radiation). One is enzy-
matic photoreactivation (type I PR) in which an enzyme
named photolyase binds to pyrimidine dimers in DNA and
repairs them by subsequent illumination with 300- to 500-nm
light. This type of photoreactivation in E. coli seems to be
mainly, if not exclusively, catalyzed by the flavoprotein
encoded by the phr gene at 16.2 min (17). The second
phenomenon is indirect photoreactivation (type II PR) in
which near-UV (334-nm) light inactivates a number of
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tRNAs by photo-cross-linking a thiouridine residue at posi-
tion 8 to a cytosine residue at position 13. This in turn causes
a considerable growth delay which provides more time for
repair of pyrimidine dimers by nucleotide excision repair and
other recovery mechanisms. Since the effect of such
photoreactivation is indirect, subjecting the cells to near-UV
before far-UV irradiation gives the same result;' when the
irradiations are done in this order, the phenomenon is called
photoprotection. Neither indirect photoreactivation nor
photoprotection is observed in uvr mutants, and they are
therefore believed to operate by the same molecular mech-
anism. The third phenomenon is type III PR. This type of
photoreactivation was first described for Streptomyces
griseus and is characterized by a Xma, of 313 nm and the
absence of dose-rate and temperature effects. It has been
suggested that type III PR represents a direct photochemical
reaction. It has been shown that 313-nm light photoreverses
(not to the original bases) mostly 6-4 photoproducts and, to
a much lesser extent, pyrimidine dimers (6).
In phr mutants, type I PR catalyzed by the flavophotoly-
ase is absent; since the experiments were carried out in uvr
mutant strains, type II PR is not expected to play role either.
Type III PR may be partially responsible for the observed
effect. However, at the UV fluences used, the 6-4 photo-
products are not expected to constitute more than 15% of
total photoproducts. Therefore, even if all of the 6-4
photoproducts were photoreversed by black light, one would
not expect to see photorepair of more than 15% of the lethal
UV damage. Yet we obtained a maximum of about 30% of
UV damage repaired (dose modification factor, 0.3), which
implies that we were repairing some pyrimidine dimer with
extensiye photoreactivation treatment.
What is the cause of the residual dimer photoreversal
activity observed in Aphr cells? There are several possibili-
ties. One possibility is that there is a second photolyase in E.
coli. While this possibility seems attractive, it has been
reported that cell extract of Harm's E. coli B phr mutant
failed to reverse pyrimidine dimers with black light fluences
comparable to those used in our experiments (13, 19).
Similarly, Jagger et al. (8) did not detect any'thymine dimer
reversal in this strain with 334- or 405-nm fluences of up to 6
x i04 J/m2. However, it is conceivable that a photoreactivat-
ing enzyme with a rather narrow action spectrum peak
outside these wavelengths does exist and is responsible for
the observed photoreactivation effect. Another possibility is
that dimer reversal is photosensitized by chromophoric
metabolites. Recently, Rokita and Walsh (12) have demon-
strated that flavin under special conditions can act as a
photosensitizer in pyrimidine dimer cleavage. It is conceiv-
able that flavins, pyridine nucleotides, porphyrins, and other
chromogenic substances in the cell catalyze nonenzymatic
photoreversal of pyrimidine dimers. A third possibility is
that pyrimidine dimers are directly reversed by black light.
Extensive literature exists indicating that black'light actually
introduces pyrimidine dimers in DNA (10, 26, 27), and
therefore it is difficult to imagine how a probably very
inefficient photoreversal process would increase cell survival
by use of light that introduces more dimers into DNA. In
conclusion, we have no satisfactory explanation at present
for the residual photoreactivation activity observed in phr
mutants. More experiments are needed to elucidate the
mechanism of this effect. However, because of the contro-
versy surrounding the so-called phrA gene and its alleged
photolyase product, we report these findings to reconcile
some of the conflicting data that exist regarding the genetics
and biochemistry of photoreactivation in E. coli.
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